ALTHOUGH the clinical presentation of angina pectoris is familiar to most physicians, the pathophysiologic basis of this syndrome has only become evident within the last decade. Before this time there had been almost no hemodynamic and metabolic information regarding the anginal state. Today, by contrast, the number and variety of studies in this field have been great enough to create confusion regarding primary mechanisms. The purpose of the present review is to clarify some of the better documented aspects of this syndrome, as well as to indicate those areas requiring further elucidation. Discussion will be primarily concerned with abnormalities of ventricular pressure, volume, and wall motion associated with the anginal state. Cardiac performance will be considered in relation to heart rate, contractile state of the muscle, preload, and afterload.' Preload can be defined as the resting fiber length as determined by end-diastolic volume, and is often expressed in terms of end-diastolic pressure. Afterload is the load that the ventricle must overcome during ejection; in the absence of aortic valve disease this is essentially a function of arterial pressure during systole. Only angina pectoris associated with coronary artery disease will be discussed.
Phenomenon of Myocardial Ischemia
The myocardial cell functions aerobically, with only a small capacity for high-energy Supported by U. S. Public Health Service Grants HE-11306 and HE-5679, and Women's Aid for Heart Research, Boston, Massachusetts. phosphate generation by glycolytic processes. Under normal conditions the initial response to an increased myocardial demand for oxygen is an increase in coronary blood flow.
However, if perfusion capacity is in any way limited, as by atherosclerotic obstruction of the coronary arteries, increased myocardial oxygen extraction becomes the primary compensatory response. Since the heart extracts nearly 75% of available oxygen in the resting state, little additional oxygen may be obtained by further passive diffusion. In such circumstances, the metabolism of the myocardial cell, and particularly the mitochondria, is altered. The cell is in a reduced state and cytoplasmic glycolysis ensues. This pathway generates a small amount of high-energy phosphate, but is at best a temporary stopgap measure. If hypoxia persists for 20 min or more, the cell undergoes irreversible injury.2 When a portion of left ventricular wall is ischemic for more than 1 min, it fails to contract properly. This observation, first reported by Tennant and Wiggers in animals,3 was initially thought to have its biochemical basis in depletion of ATP stores. However, the rapidity with which contraction ceases suggests defective ion transport across the cell membrane or sarcotubular structures, possibly due to accumulation of hydrogen ions.4 These alterations in ion transport may disrupt the excitation-contraction coupling mechanism.
In man, myocardial ischemia resulting from coronary artery disease is usually regional in nature. Electrocardiographic Elevation of blood pressure during spontaneous angina pectoris had been observed by several early investigators, but the first systematic study of this phenomenon was that of Roughgarden."1 Fifteen patients with a history of angina at rest were continuously monitored for changes in the electrocardiogram and systemic arterial blood pressure, with pulmonary artery pressure recorded in six. In most instances, heart rate and both systemic and pulmonary arterial blood pressure rose prior to the onset of anginal pain and often before S-T-segment depression was recorded on the electrocardiogram. Anginal episodes have also been studied during left heart catheterization. 12-4 In a series of 18 patients from this laboratory,14 anginal episodes occurred most frequently in patients with extensive coronary artery disease and were associated with abnormal myocardial lactate metabolism. In addition, significant rises in left ventricular systolic and end-diastolic pressure were usually (but not invariably) present.
It is important to describe Prinzmetal's variant angina'5 or spontaneous angina associated with S-T-segment elevation. Guazzi et al. were able to observe 38 anginal episodes in four patients. 16 They found that arterial pressure fell with the onset of chest pain and change in the electrocardiogram. In addition to the fall in blood pressure, cardiac function (as determined by measurement of cardiac output, isovolumic contraction time, and right atrial pressure) was severely impaired during the anginal attacks. These parameters reverted to normal only when S-T abnormalities disappeared, and the attacks ceased as spontaneously as they had begun.
Different mechanisms appear to be operative in spontaneous angina associated with S-T-segment depression as opposed to angina with S-T-segment elevation. In the former, a period of arterial hypertension usually exists before and during the pain; increased cardiac mechanical activity resulting from the increase in afterload, preload, and heart rate is usually the precipitating mechanism. In the latter, or Prinzmetal variant, however, there-is no preceding arterial hypertension and hypotension actually occurs with the pain. To confuse the issue further, an occasional patient with coronary artery disease has been reported in whom coronary blood flow was decreased during spontaneous angina, irrespective of change in blood pressure. Relationrship between left ventricular end-diastolic pressure (LVEDP) and left ventricular stroke-work index (LVSWI) in three groups of patients studied during control (C), pacing (P), and postpacing (PP) periods. In normal controls, and in patients with coronary artery disease who did not develop angina during pacing, the decrease in LVSWI accompanying the increase in heart rate is associated with a decline in LVEDP (Starling effect The mechanism of action of nitroglycerin in relieving the pain of myocardial ischemia is uncertain. Two theories have received widespread acceptance: relief of angina may be due either to increased coronary blood flow or to a reduction in the work of the heart. In the first instance, nitroglycerin is thought to increase perfusion to ischemic regions by altering regional blood flow. Its end-diastolic pressure can also be detected by a noninvasive method, i.e. the disappearance of the fourth heart sound and abnormally large A wave on the apexcardiogram. 71 Posture is important when the effects of nitroglycerin (or any of the nitrites) are evaluated. In the supine position peripheral pooling is less pronounced, venous return is greater, and exercise tolerance lower.72-74 A common example is the development of angina in previously exercised patients after they assume a recumbent position. By reducing the mechanical activity of the heart, nitroglycerin also increases exercise capacity in patients with coronary artery disease. [75] [76] [77] [78] [79] This occurs at least in part because the increase in cardiac mechanical activity, particularly blood pressure, is attenuated during exercise. Anginal threshold has been correlated with a consistent level of cardiac performance. Therefore, after administration of nitroglycerin, a greater total-body work load can be performed before the anginal threshold is reached.
With the adoption of the atrial-pacing technic, repeat studies are more easily performed in the same patients, and the action of drugs can be evaluated in a more objective manner. Results of such studies during pacing reinforce the conclusions derived from investigations into effort-induced angina. After nitroglycerin is administered, hemodynamic and metabolic abnormalities are not as readily manifested, and the heart can be paced at faster rates without development of chest pain.80 81 Whether or not nitroglycerin can improve resting or stress-induced abnormalities of ventricular wall motion remains to be demonstrated.
The mode of action of longer acting nitrite preparations is similar to that of nitroglycerin, but the therapeutic advantages of these LV FUNCTION IN ANGINA PECTORIS preparations, compared to nitroglycerin, are still largely unproven.79 ' 82) Beta-Adrenergic Blocking Agents
The cardiac excitatory effects produced by sympathomimetic amines are mediated mainly by beta-adrenergic receptors. 83 Following extensive studies of the pharmacology of betaadrenergic blocking agents, Hamer et al. 84' 85 used propranolol in the clinical treatment of angina pectoris. Elliott and Stone86 have reviewed the majority of subsequent studies confirming the efficacy of this form of therapy. Propranolol, the most widely used of these agents, has been shown by Wolfson and Gorlin87 to reduce both myocardial oxygen requirements and coronary blood flow pari passu with a decrease in heart rate and myocardial contractile state. The drug's clinical effectiveness in relieving angina is further demonstrated by an improved exercise tolerance in patients with effort-induced angina. When a selected group of patients was exercised before and after intravenous administration of propranolol, Dwyer et al.8`8 reported a decrease in the response of cardiac output, left ventricular stroke work, and dP/ dt.
Despite a similar total-body work load, anginal pain either did not develop or was not as intense and of shorter duration. These results are consistent with the observations of Wolfson and Gorlin87 that for the same totalbody work load during supine leg exercise propranolol attenuated the rise in myocardial oxygen consumption in direct proportion to the reduced cardiac effort.
The hemodynamic effects of propranolol are different from those of nitroglycerin. Left ventricular end-diastolic pressure is either unchanged or may actually increase after administration of propranolol. [87] [88] [89] In addition, heart size may be somewhat increased,90 and left ventricular asynergy may develop.91 Despite differences in mode of action, both propranolol and nitroglycerin relieve the subjective sensation of angina equally well when they are compared in the same group of patients.92 9 Under laboratory conditions several groups of investigators93 94' 9 reported that the effects of the two drugs are additive in increasing exercise tolerance ( fig. 4 EfFects of propranolol and the combination of propranolol and nitroglycerin (TNG), on tile product of heart rate and mean systemic arterial pressure at rest and during exercise 
